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Abstract 
High luminance contrast between windows and surrounding surfaces could  cause discomfort 
glare, which could reduce office workers’ productivity. It might also increase energy usage of 
buildings due to occupants’ interventions in lighting conditions to improve indoor visual 
quality. It is presumed that increasing the luminance of the areas surrounding the windows 
using a supplementary system, such Light Emitting Diodes (LEDs), could reduce discomfort 
glare. This paper reports on the results of a pilot study in a conventional office in Brisbane, 
Australia. The outcomes of this study indicated that a supplementary LED system could 
reduce the luminance contrast on the window wall from values in the order of 24:1 to 12:1. 
The results suggest that this reduction could significantly reduce discomfort glare from 
windows, as well as dim inishing the likelihood of users’ intention to turn on the ceiling lights 
and/ or to move the blind down. 
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1 Introduction 
It is well understood that access to daylight and outside view provides information about time 
and weather, as well as diminishing the feeling of claustrophobia (Newsham et al., 2010a). It 
also gives a sense of cheeriness and brightness which can have significant positive effects on  
individuals (Boyce et al., 2003). In addition, research suggests that office employees 
generally prefer to use daylight over electric light in their working places (Arsenault et al., 
2012). Overall, it is believed that use of sunlight for indoor lighting design enhances energy 
efficiency of buildings (Sudan et al., 2015). 
To maximise the benefit of daylight for individuals, it is necessary that indoor design for 
daylight harvesting ensures occupants’ visual comfort (Garreton et al., 2015). Visual comfort 
has been usually defined as absence of visual discomfort, which also called discomfort glare 
(Waide et al., 2006, Bean, 2012). Discomfort glare is a sensation of annoyance or pain 
caused by high level or non-uniform brightness in the visual field (Tashiro et al., 2015). This 
may not necessarily impair visual performance but could cause certain physiological and 
psychological symptoms like headache or stress, which could negatively affect satisfaction 
and productivity of office workers (Tashiro et al., 2015). 
Office buildings generally rely on vertical windows for daylight harvesting, particularly in high -
rise cities (Huang et al., 2014). It is believed that vertical windows are one of the most 
significant building components that play a substantial role not only in providing daylight and 
outside view, but also in shaping the overall energy consumption of buildings (Li, 2010, 
Newsham et al., 2010b, Mangkuto et al., 2016) . For instance, there is some evidence to 
suggest that a building with a typical façade, which has about 30% window to external wall, is 
likely to consume less energy than a building with fully glazed façade (Meek and 
Wymelenberg, 2015).  
However, it is well known that high contrast between windows and their surrounding walls can 
cause discomfort glare, which can result in attempts by occupants to alleviate the problem 
through switching on lights and/or closing blinds. For example, a study among 123 buildings 
illustrated that there is a relatively monotonous association between the amount of 
illuminance from windows and turning on addit ional lights by building occupants (Heschong et 
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al., 2005). This study showed that as the window illuminance increases, the probability of 
switching on the lights will also increase to up to 60% to reduce luminance contrast between 
the window and surrounding areas (Heschong et al., 2005). Evidently, occupants’ 
interventions in lighting conditions increase electricity consumption of buildings.   
The aim of this study is to enhance window appearance by reducing high contrast on the 
window wall with the object ive of reducing occupants’ intention to intervene in the lighting 
conditions. The proposed strategy to diminish the luminance contrast on the window wall is to 
mount wall-washing light emitting diode (LED) strip lighting around the window frame to 
increase the wall luminance adjacent to the window. This research investigates the influence 
of different levels of light from the proposed LED system on the perceived window 
appearance and indoor visual quality based on subjective responses from observers. It is 
designed to learn about how occupants will respond to different luminance patterns brought 
about by changes to lighting design using a repeated-measure design method. 
A preliminary study with thirty five participants, which was conducted in a typical offic e room 
that facing southwest in Brisbane, Australia, suggested that a supplementary LED system of 
approximately 18 W could decrease the lighting contrast on the window wall from values in 
the order of 117:1 to 33:1 under sunny sky conditions (Amirkhani et al., 2015a). It also 
indicated that this supplementary strategy could decrease the mean users’ intention to turn on 
ceiling lights by around 27%, as well as diminishing the probability of moving the blind down 
to up to 90%. Furthermore, another study in the same test office room reported that increased 
electricity consumption of an approximately 18 W LED lighting system is offset where there is 
roughly one-fourth reduction in users’ intention to intervene in lighting conditions (Amirkhani 
et al., 2015b).  
The purpose of this study is to investigate acceptable luminance ratios on the window wall 
when it is in the field of view (FOV) of occupants. The tests were conducted randomly in a 
conventional office room in Brisbane, Australia.  Detailed luminance and illuminance measures 
are used to match quantitative lighting design assessment to user acceptances. The results 
from this survey present valuable information to improve interior lighting design of office 
buildings while diminishing discomfort glare from daylight.  
2 Method 
2.1 Experiment settings 
The investigation has been conducted in an office room during December 2015 and January 
2016. This office room is facing northwest and is located on the seventh floor of a seven story 
building at Gardens Point Campus of QUT. The central business distinct (CBD) of Brisbane 
and the sky can be seen from inside this room. The room is 4.22 m deep by 2.93 m wide and 
2.6 m high. The window of this room has ceiling height at 2.4 m and a sill height at 1.05 m 
while the window width is 2.38 m. The window wall ratio inside this office room is about 45%. 
The walls are painted a white colour. The ceiling is finished with white ceiling tiles and the 
floor is finished with grey carpet. Daylight penetration is controlled by external shading 
projecting horizontally from the top of the window wall, as well as a fabric roller blind inside 
the room. The room is furnished with L-shape desk and chair, which were located in front of 
the window. However, the chair was located at about 45° angles to the window surface. The 
room has also two recessed mounted fluorescent luminaires with channel diffuser, which can 
only be turned on or off together. Figure 1 shows the furniture plan and sections of this office 
room. 
Cool-light LED strips, which have matched correlated colour temperature (CCT)  to the 
sunlight (5600 K - 7000 K), were chosen to decrease lighting contrast in the FOV of 
participants by distributing light on surfaces around the window. They were pre -assembled in 
a channel diffuser to reduce bright spots generally associated with str ip LEDs and to 
distribute light evenly. Nonetheless, the proposed LED strategy was not chosen because of its 
energy efficiency, but rather convenience as an ‘off -the-shelf’, pre-assembled system. Each of 
pre-assembled LED light strips has 30 mm width, 12 mm height, and 513 mm length. Each 
LED strip has luminaire power of 9 W and needs a constant-voltage driver to convert main 
voltage to 12 V. They were also equipped with a suitable compatible dimmer switch to be able 
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to adjust light level from 0% to 100%. LED strip cases were mounted on the left window side 
with ceiling height at 2.2 m and the bottom of the window surface (see figure 1).  
 
Figure 1 – Plans and Sections of the test office room in Brisbane, Australia 
2.2 Procedure 
Upon presentation of different lighting scenes using the LED system at different power levels, 
subjects responded to a lighting appraisal questionnaire designed to assess their responses 
on discomfort glare and indoor visual comfort, as well as their intention to  turn on the ceiling 
lights or moving the blind down. The survey in this study was designed based on using closed 
question types to make the process of experiments easier and more reliable. Furthermore, the 
number of questions used in this survey was carefully considered to minimise fatiguing or 
boring the respondent, while still capturing the significant information required.  
To reduce unsystematic variations that happens due to random factors which exist between 
the test conditions like the time of day, the tests in this research were conducted at a specific 
time of day (between 11am to 2 pm). Twenty four subjects with normal or corrected to normal 
vision participated in this study and they were surveyed individually in the test office room. 
They were representative of age and sex of the general office worker population (see table 1). 
Before commencing each experiment, the subjects were asked to sit in the office room for at 
least five minutes to adapt to the indoor ambient light. They were asked to sit fa cing the 
window at around 45° angles to the window wall surface and approximately 1.5 m away from 
that, whereas the experimenter stood somewhat behind them. A 13 ʺ MacBook Air was also 
located in front of the subjects at about 45° angles to the window surface. During the first five 
minutes, each subject was clearly informed of the purpose of the research, and was shown 
the light measurement tools. 
Thereafter, the participants were asked to complete the first section of the questionnaire 
themselves. This section was designed to collect some demographic and personal information 
relevant to the participant’s glare susceptibility. The first three questions in this section were 
about the participants’ gender and age group (below 30, between 30 and 50, between 50 a nd 
65, and over 65), and whether they wear prescription glasses or contact lenses. The last 
question in this section was designed to investigate whether the participants consider 
themselves as a glare-sensitive person and by how much through using semantic  differential 
(SD) scaling. 
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The second section of the survey, which was filled by the experimenter, was divided into four 
stages based on luminaire power of LEDs, including no supplementary lighting, and LED wall -
washing of the window surrounds at three different power levels (about 18 W, around 24 W 
and approximately 30 W). These four stages were tested randomly to minimise familiarity of 
subjects with the experiment situation and/ or measures being used, as well as minimising the 
risk of boring participants. The same questions were asked during all stages and the subjects 
were asked to work with the provided laptop while responding the questions.  
Physical lighting measures (luminance and illuminance) have also been collected during each 
stage of the experiments using a Nikon Coolpix 8400 digital camera with a fisheye lens , as 
well as Konica Minolta LS100 luminance and Topcon IM-3 illuminance meters. The digital 
camera was used to take High Dynamic Range (HDR) images to observe the luminance 
distribution at the window and surrounding surfaces. In order to capture a field of view that is 
relatively similar to human eye, an FC-E9 fisheye lens (focal length = 5.6 mm, 190° field of 
view) was used. The camera was located as practicable as possible to the head of s ubjects 
through using a tripod. Multiple pictures of the same scene were captured during each 
experiment to achieve a single HDR image with relative luminance through using Photosphere 
software. In addition, the luminance meter (LS100) was used to measure the luminance value 
of a single white spot inside the room for HDR calibration in Photosphere. Photosphere 
remembers the response curve of camera and attached lens. Hence, it was not essential to 
measure luminance values of more than one spot. The illuminance meter was used to record 
the illuminance measurement on the working plane (the desk in the test room), which was 
0.72 m above the floor and 1.5 m from the window.  
After collecting quantitative lighting information at the beginning of each stage while the 
participant was adapting to the change in lighting, the researcher completed the questionnaire 
by directly asking the survey questions to the participants. The first question at each stage 
asked participants to rate the level of perceived discomfort glare from the window when it is in 
their field of view among these four groups, including imperceptible, perceptible, disturbing, 
and intolerable. The second question at each stage asked individuals to rate indoor visual 
comfort on a scale of 1-5 (one meaning very dissatisfied and five meaning very satisfied) 
using SD scaling. The last two questions at each stage asked subjects whether they want to 
move the blind down or turn on the ceiling lights (answering yes, maybe, or no).  
3 Results and discussion 
Calibrated HDR images of each stage of all experiments were resized for calculation. Figure 2 
shows an example of a HDR image captured by the digital camera when overhead lights and 
supplementary system were off. This image shows the 12 areas that were targeted for 
luminance spot measurements using calibrated HDR images, as well as the illuminance meter 
located on top of the desk. To obtain the value of the window to wall luminance ratio, readings 
1 to 8 are averaged (to give window luminance) and compared to the  average of readings 9 to 
12 (for the surrounding wall luminance).  
 
Figure 2 – Captured HDR image from the test office room 
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Figure 3 indicates the correlation between the luminaire power of proposed LED system and 
the lighting contrast ratio between the bright surface of the window and surrounding walls. It 
illustrates that as the lighting level of proposed LED strategy increases, the mean luminance 
contrast ratio on the window wall decreases from values in the order of about 24 :1 during 
stage one to approximately 12:1 and 11:1 during stage two and three respectively. The mean 
window luminance values during stages one, two and three were roughly 2278 cd/m², 2335 
cd/m², and 2095 cd/m² respectively. Whereas, the mean wall luminance values at the 
beginning of stages one, two and three were about 97 cd/m², 193 cd/m² and 186 cd/m² 
respectively.  
 
Figure 3 – Scatter diagram of luminance ratio between window and surrounding walls during 
each stage 
Figure 4 indicates the association between the lighting contrast ratio on the window wall and 
participants’ response for feeling discomfort glare from the window at the beginning of each 
stage across twenty four experiments. This graph illustrates that as the luminance contrast on 
the window wall decreases, the probability of reporting discomfort glare will also diminish. 
Nonetheless, this graph indicates that there is a relatively little variation between the amount 
of mean luminance contrast ratios on the window wall while subjects reported discomfort glare 
from the window as imperceptible and perceptible. In addition, only one person reported 
intolerable glare from the window during one of the test conditions throughout all experiments. 
This scatter diagram suggests that participants did not report discomfort glare when the mean 
luminance contrast between the bright surface of the window and surrounding walls was about 
14:1, which is moderately more than the mean luminance contrast ratio during stage two.  
 
Figure 4 – Scatter diagram of correlation between the luminance ratio on the window wall and 
feeling discomfort 
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Figure 5 plots subjects’ response for indoor lighting satisfaction when their response for 
feeling discomfort glare from sunlight is imperceptible, perceptible, disturbing and intolerable. 
It illustrates that the spread of variables when participants did not feel discomfort glare from 
the window falls between somewhat satisfied and very satisfied. In addition, although the 
median response for indoor lighting satisfaction was indifferent when the subjects reported 
disturbing glare form the window, it was somewhat satisfied and very satisfied when they 
reported discomfort glare from the window as perceptible and imperceptible respectively.  
 
Figure 5 – Boxplot of indoor lighting satisfaction and feeling discomfort glare from the 
window 
Figure 6 plots horizontal illuminance (lux) on top of the desk throughout all stages for daylight 
only (with ceiling lights off) based on participants’ response for indoor lighting satisfaction for 
performing laptop task. The numbers of variables for very dissatisfied and somewhat 
dissatisfied responses for indoor lighting satisfaction were only three and six, respectively 
during all experiments. Whereas, the number of variables for indifferent, somewhat satisfied 
and very satisfied responses were 32, 36 and 23 respectively. This figure illustrates that the 
spread of variables for indoor lighting level generally fall within 600 lux and 800 lux when 
subjects’ response for indoor visual satisfaction is very satisfied. However, these values were 
also reported by some as consistent with dissatisfaction and indifference to lighting 
satisfaction for task performance. This suggests that desktop illuminance levels within this 
range do not appear to be a significant factor in reported lighting satisfaction for task 
performance. 
 
Figure 6 – Boxplot of lighting measurement on the desk level and subjects‘ indoor lighting 
satisfaction for performing laptop task 
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Figure 7 plots desktop daylight only illuminances (lux) when subjects’ response for feeling 
discomfort glare from window is intolerable, disturbing, perceptible and imperceptible. This 
boxplot indicates that there is not a significant difference in illuminance at the desk level 
especially when participants’ responses for feeling discomfort glare were imperceptible, 
perceptible and disturbing (intolerable was a single datum). Overall, this figure suggests a 
slight positive correlation between desktop daylight illuminance level and feeling discomfort 
glare from sunlight.  
 
Figure 7 - Boxplot of indoor lighting level and feeling discomfort glare from window 
Figures 8 and 9 plot subjects’ intention to turn on the ceiling lights, as well as moving the 
blind down when they reported discomfort glare from the window as imperceptible, 
perceptible, disturbing and intolerable. Figure 8 indicates that although the median response 
for switching on the top lights was maybe when participants did not feel discomfort glare from 
the window, the spread of variables fall within maybe and no under this lighting condition. 
Figure 9 illustrates that the spread of variables fall between yes, maybe and no and the 
median response is maybe when the participants perceived discomfort glare from sunlight. 
Nevertheless, this boxplot indicates that the median subjects’ intention to move the blind 
down was no when their responses for feeling discomfort glare were imperceptible. Overall, 
these two boxplots suggest that the probability of turning on the lights and moving the blind 
down diminishes when individuals reported less discomfort glare from sunlight.  
 
Figure 8 – Boxplot of subjects’ decision to turn on ceiling lights and feeling discomfort 
glare from window 
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Figure 9 – Boxplot of subjects’ intention to move the blind down and feeling discomfort glare 
from window 
Table 1 shows some demographic data of participants, including participants’ gender and age, 
the number of participants who wore corrective lenses, and how many considered themselves 
to be glare sensitive and by how much. The outcomes of this study did not indicate any 
significant relationship between gender, age and reported discomfort glare from sunlight. The 
results also suggested that there is no relationship between responses of subjects who wore 
prescription glasses and who did not wear glasses for feeling discomfort glare at the 
beginning of each stage. In addition, there is not any significant difference between the 
responses of subjects who considered themselves to be a glare sensitive person and those 
who did not. However, the number of participants was limited and the proportion of subjects 
based on their age was not equal.  
Table 1 - Demographic data of participants Question  
Question Option Number of variables Percentages 
Gender Male 14 58.3% 
 Female 10 41.7% 
Age Less than 30 15 62.5% 
 Between 30 and 50 6 25% 
 Between 50 and 65 2 8.3% 
 More than 65 1 4.2% 
Prescription glasses Reading 1 4.2% 
 Driving 2 8.3% 
 All the time 12 50% 
 Never 9 37.5% 
Glare sensitive Not at all 3 12.5% 
 A little 3 12.5% 
 Indifferent 7 29% 
 Moderately 6 25% 
 Very much 5 20% 
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4 Conclusion and future work 
This investigation surveyed users’ acceptance for the luminance ratio on the window wall 
through the use of a supplementary LED lighting strategy. Thus, the luminance level of the 
walls surrounding the window was increased and decreased randomly using a  proposed LED 
system. This study also investigated the impact of changing lighting contrast ratios between 
the bright surface of window and surrounding areas on subjects’ intention to intervene in 
lighting conditions to improve indoor visual comfort. The results from this study indicate that 
the proposed LED system (with about 18 W luminaire power) can reduce the luminance 
contrast between the window and surrounding surfaces on average by around two fold (from 
approximately 24 to 12). The results also showed that a reduction of contrast ratio of this 
magnitude on the window wall could enhance the participants’ scale appraisal of window 
appearance. This research suggested that for the tested conditions, a contrast ratio of 
approximately 14:1 between window as a source of sunlight and surrounding walls was the 
average value below which fewer reported perceiving discomfort glare from windows. 
Furthermore, the study suggests that this contrast ratio on the window wall might enhance 
subjects’ rating for indoor lighting satisfaction while working with laptop up to very satisfied 
due to not perceiving discomfort glare from sunlight. However, this study did not find any 
significant correlation between daylight illuminance at the desktop and subjects’ responses for 
indoor lighting satisfaction under the tested conditions, as well as their responses for 
perceiving discomfort glare from daylight. The outcomes of this investigation illustrated that 
the probability of subjects’ intention to turn on ceiling lights generally fall between maybe and 
no when they did not perceive discomfort glare from daylight. The study also suggests that 
the likelihood of participants’ intention to move the blind down is significantly reduced when 
they did not feel discomfort glare from window to compare with when they reported 
perceptible, disturbing and intolerable glare from the window.  
This research was conducted with limited number of participants (24) and in only one test  
room over a limited time span (little seasonal and weather variation). Further research would 
be beneficial to investigate acceptable luminance ratios on the window wall through recruiting 
more subjects in the same test office room, as well as various test office environments with 
different office layouts and window types. Finally, more investigation is needed to advance the 
energy efficiency and efficacy of the proposed supplementary LED lighting strategy to 
considerably diminish energy usage of the proposed lighting design strategy.   
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